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1.  INTRODUCTION 


A great  deal  of  literature  has  been  published  on  the  properties  of  semiconductors,  and  on  the 
processes  governing  these  properties.  However,  similar  data  on  dielectrics  as  dielectrics  is  not 
readily  available.  Some  data  is  available  on  materials  that  have  been  studied  as  thin  film  capaci- 
tors, but  this  information  is  neither  complete  nor  definitive.  The  object  of  this  program  is  to  ex- 
tend the  available  data  on  dielectrics  for  one  specific  purpose:  the  dielectric  coatings  required  for 
a Pockels  Readout  Optical  Modulator  (PROM*)  device. 

The  PROM  requires  an  insulating  (dielectric)  layer  that  acts  with  an  electro-optic  photocon- 
ductor to  provide  a voltage  division.  This  voltage  division  is  detectable  through  the  Pockels  effect. 
The  usual  insulating  layer  is  Parylene  C+,  a vapor-deposited  linear  polymer  that  can  be  condensed 
on  a room  temperature  substrate  as  a conformal  coating.  Optical  transmission  of  Parylene  C is 
excellent,  its  breakdown  field  is  relatively  high  (5  x 10®  V/cm'*)  for  coatings  5 to  8 micrometers, 
and  its  plasticity  is  compatible  with  the  large  thermal  expansion  coefficient  of  the  Bii2SiO20  sub- 
strate for  BijjSiOzo,  the  thermal  expansion  coefficient  is  1.7  x 10“®). t 

The  present  program  is  a study  of  dielectric  coatings  that  could  be  used  as  alternatives  to 
Parylene  C.  Because  the  thickness  of  the  dielectric  coating  must  be  monitored  accurately,  only 
vacuum  deposited  layers  are  considered.  In  addition  to  having  precisely  controllable  thickness, 
the  materials  must  be  transparent  to  all  visible  wavelengths,  and  have  reasonable  deposition  condi- 
tions and  high  breakdown  field  strengths.  Also,  they  must  adhere  to  the  Bi2SiO20  surface. 

1.1  PROM  OPERATION 

For  several  years,  Itek  Corporation  has  been  developing  the  PROM  as  an  electro-optic  imag- 
ing device.  The  Itek  PROM  is  a real-time  optical  storage  device  that  can  be  illuminated  with  light 
from  an  image  or  a laser  recorder,  read  out  with  coherent  light,  and  erased.  ® This  entire  sequence 
of  operations  can  be  completed  in  a very  short  time,  making  the  PROM  an  attractive  device  for  opti- 
cal processing. 

Figure  1-1  shows  the  configuration  of  a typical  PROM.  The  device  is  constructed  from  a thin 
slice  of  bismuth  silicon  oxide, ^ a cubic  crystal  exhibiting  the  Pockels  effect.  The  crystal  also  is 
photoconductive  when  illuminated  with  blue  light,  and  has  sufficient  dark  resistivity  to  allow  up  to 
2 hours  of  image  storage.  This  crystal  is  polished  flat,  coated  with  an  insulating  layer  of  parylene, 
and  overcoated  with  transparent  conducting  electrodes. 

“^This  should  not  be  confused  with  the  PROM  (Programmable  Read  Only  Memory)  device  used 
in  the  computer  field. 

^Trademark  of  Union  Carbide  Corporation. 

J S.  Oaigneault,  private  communication. 

*D.S.  Oliver  et  al.,  Appl.  Phys.  Lett.  17,  416  (1970). 

^R.E.  Aldrich,  S.L.  Hou,  and  M.L.  Haverill,  J.  Appl.  Phys.  42,  492  (1971). 
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Figure  1-1  — Composition  and  typical  dimensions  of  PROM 


The  standard  operating  mode  for  the  PROM  is  shown  in  Figure  1-2.  A voltage  Vo  is  first 
applied  between  the  electrodes  at  a time  when  the  crystal  is  fully  insulating  (Figure  l-2a).  The 
PROM  is  then  flooded  with  light,  creatir^  mobile  electrons  which  drift  to  the  crystal- Parylene 
interfaces  until  the  electric  field  in  the  crystal  has  been  cancelled  (Figure  l-2b).  This  erases  the 
image.  The  applied  voltage  is  then  reversed,  resulting  in  a voltage  approaching  2 Vo  appearing 
across  the  crystal.  This  voltage  across  the  crystal  is  equal  to  the  sum  of  applied  voltage  and  the 
voltage  due  to  stored  charges  (Figure  l-2c).  Any  point  on  the  PROM  can  then  be  exposed  to  blue 
light,  resulting  in  decay  of  the  stored  field  at  that  point  (Figure  l-2d).  The  resulting  voltage  pat- 
tern image  is  then  read  out  with  red  light  via  the  Pockels  effect.  Figure  1-3  shows  the  configura- 
tion for  readout:  when  the  PROM  is  placed  between  crossed  polarizers,  the  amount  of  light  pass- 
ing through  the  second  polarizer  from  any  point  on  the  crystal  depends  on  the  voltage  at  that  point. 
Readout  is  done  in  reflection  or  in  transmission.  In  the  former  case,  a dichroic  layer  is  added  to 
the  crystal,  which  reflects  the  red  readout  light.  Because  the  device  is  relatively  insensitive  to 
red  light,  substantial  energy  is  available  for  readout  without  destroying  the  stored  voltage  pattern. 
Subsequently,  the  applied  voltage  can  be  varied  (Figures  l-2e  and  l-2f)  to  create  either  a positive 
or  negative  image,  or  any  point  in  between.  This  is  possible  because  the  transfer  curve  (Figure  1-4) 
for  the  linear  electro-optic  effects  follows  the  relationship. 


lin 


sin^( 1L_) 


(1-1) 


where  I = incident  readout  intensity  at  a wavelength  A. 

n = refractive  index  of  the  Bii2SiO20  wafer  at  the  readout  wavelength 

r4i  = longitudinal  linear  electro-optic  coefficient  of  the  Bii2Si02o  wafer  at  the  readout 
wavelength 


V = total  voltage  across  the  crystal  at  any  point. 

Recently  Donjon  etal*  showed  that  the  modulation,  m,  of  devices  of  this  type  is  related  to  the  capaci- 
tance of  the  blocking  layer.  Manipulating  their  equations,  it  can  be  shown  that  there  is  a cutoff 
spatial  frequency,  f^,  such  that  for  f<!cF(.,  m » 1,  and  for  fijfp,  m = k/f,  where  k is  a constant. 
Appendix  B details  this  calculation,  t 

The  expression  for  f^  is 


f + *b 

lf> 


2Tr  (^  + 1)  tp 


(1-2) 


where  ?p  = dielectric  constant  of  the  dielectric  layer 

= dielectric  constant  of  the  electro-optic  photoconductor 
tp  = thickness  of  the  dielectric  layer 
lb  = thickness  of  the  electro-optic  photoconductor 


J,  Donjon,  M.  Decaesteker,  B.  Monod,  and  K.  Petit,  Acta  Elec.,  18:187  (1975) 
^B.  Horwitz,  unpublished  data,  1976. 
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Using  typical  values  for  a PROM  composed  of  a Bii2SiO20  wafer  = 56,  = 0.8  millimeter) 

coated  with  Parylene  C (?„  e 3,  tp  = 6.5  x 10”’ millimeter),  a value  of  fc  = 1.4  cycle/mm  is 
obtained.  This  means  that  all  practical  spatial  frequencies,  operation  of  the  PROM  occurs  in  the 
l/f  region  of  the  MTF  curve. 

It  is  desirable  for  a variety  of  reasons  to  have  an  MTF  that  is  flat  over  a reasonable  range  of 
spatial  frequencies.  Most  particularly,  the  modulation  and  sensitivity  of  the  device  are  uniform. 
Based  on  Equation  1-2,  this  can  be  accomplished  either  by  reducing  tp  or  by  increasing  |p.  The 
basic  accuracy  of  the  equation  was  demonstrated  on  Itek  IR&D  using  Parylene  layers  of  various 
thicknesses. 

1.2  ADVANTAGES  OF  THIN  OXIDE  DIELECTRICS 

At  least  three  improvements  can  be  achieved  in  PROM  devices  by  replacing  the  Parylene  C 
dielectric  with  a thin  oxide  coating.  First,  thin  oxide  coatings  may  improve  the  PROM’s  resistance 
to  humidity  and  ultraviolet  light.  Second,  a think  oxide  coating  dielectric  has  the  potential  to  im- 
prove the  signal-to-noise  ratio  of  the  PROM.  Third,  the  thicknesses  of  the  oxide  coatings  can  be 
controlled  precisely  to  improve  the  optical  efficiency  of  the  PROM. 

1.2.1  Improved  Resistance  to  Humidity  and  Ultraviolet  Light 

Replacing  Parylene  C with  an  oxide  coating  as  a blocking  layer  eliminates  the  severe  problem 
of  dielectric  breakdown  field  sensitivity  to  humidity  (see  Figure  1-5).  It  also  eliminates  the  prob- 
lems associated  with  chemical  degradation  of  the  Parylene  C layer  caused  by  exposure  to  ultra- 
violet light.  It  has  been  shown  that  the  combination  of  high  humidity  and  exposure  to  ultraviolet 
light  can  cause  failure  of  the  Parylene  C blocking  layer  in  a matter  of  hours.  For  this  reason, 
PROMs  are  specified  for  operation  only  when  relative  humidity  is  less  than  60  percent,  and  wave- 
lengths are  longer  than  400  millimeters. 


1.2.2  Improved  Signal-to- Noise  Ratio 

As  Figure  1-6  and  Figure  1-7  show,  thin  oxide  coatings  have  the  ability  to  improve  the  PROM’s 
signal-to-noise  ratio.  The  traces  shown  in  Figure  1-6  were  made  using  a Parylene-coated  PROM. 
The  lower  lines  show  the  noise  signal  present  when  the  device  is  completely  erased.  The  upper 
curves  show  the  signal  (including  noise)  read  out  after  the  PROM  was  exposed  to  a 108  Ip/mm 
sinusoidal  grating.  (Note  that  the  dc  levels  of  these  signals  have  been  adjusted  arbitrarily  to  sepa- 
rate them  on  the  graph.)  The  important  factor  is  that  the  peak-to-peak  signal  amplitude  is  only 
about  twice  the  peak-to-peak  noise  amplitude.  Compare  this  result  with  the  traces  shown  in  Fig- 
ure 1-7,  which  were  taken  from  a PROM  coated  with  a crudely  sputtered  Si02  layer.  Signal  ampli- 
tude at  108  Ip/mm  is  comparable,  but  the  noise  level  has  been  reduced  approximately  tenfold  over 
the  Parylene-coated  device.  A direct  comparison  of  the  relative  noise  levels  is  shown  in  Figure 
1-8,  where  the  source/detector  noise  and  the  noise  in  the  two  coatings  are  displayed  on  the  same 
plot.  As  in  Figure  1-6  and  Figure  1-7,  the  dc  level  is  arbitrary.  The  improvement  in  the  signal- 
to-noise  ratio  resulting  from  the  use  of  an  Si02  blocking  layer  is  obvious. 

1.2.3  Improving  Optical  Efficiency 

Because  thin  oxide  coatings  have  controlled  optical  thicknesses,  they  allow  antireflection 
coatings  and  dichroic  reflectors  to  be  used  to  improve  the  optical  efficiency  of  the  device.  These 
coatings  and  reflectors  would  also  eliminate  multiple  reflections  in  the  various  layers.  The 
Parylene-coated  device  has  approximately  20  percent  reflectivity  loss  at  each  face,  but  proper 
anti  reflection  coatings  should  reduce  this  level  to  1 to  3 percent,  depending  on  the  optical  proper- 
ties of  the  blocking  layer.  Because  each  blocking  layer  requires  a different  coating  design,  it  is 
not  possible  to  show  actual  curves  here. 
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(f)  Baseline  subtraction 


Figure  1-2  — Voltage  cycle  used  to  operate  PROM 


Figure  1-3  — PROM  readout  using  Pockel  effect 
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Figure  1-4  — Transfer  function  for  the  electro-optic  effect 


Figure  1-5  — Parylene  coating  on  front  side  of  PROM  exposed  to  UV  light 
and  high  humidity 


Figure  1-7  — Recovered  signal  scans  with  background  noise— Si02  PROM 
(108  cycles  per  millimeter) 


Figure  1-8  — Surface  noise  traces  of  Parylene-  and  SiOa-coated  PROMs 


2.  EXPERIMENTAL  PROCEDURES 


2.1  METHODS  OF  DEPOSITION 

Most  work  was  performed  in  a 6-inch  Veeco  pumping  station  equipped  with  a 24-inch  water- 
cooled  bell  jar,  quartz-iodine  radiant  substrate  heaters,  a micrometer  valve  for  controlled 
oxygen  bleed,  a four -hearth  Airco  Temescal  electron  beam  gun,  and  an  optical  monitor.  In  a 
typical  deposition  procedure,  the  chamber  was  evacuated  to  the  low  10"®  Torr  range.  The  sub- 
strate heaters  were  then  turned  on  to  heat  the  substrates  slowly  (8  °C/minute)  to  250  °C.  Some 
outgassing  occurred  and  the  system  was  allowed  to  stabilize  back  to  the  low  10 ~®  Torr  range. 
Oxygen  was  then  introduced  at  a controlled  rate  to  a position  slightly  below  the  substrates,  per- 
mitting the  evaporated  material  to  oxidize  readily  as  it  passed  through  the  oxygen.  Typical 
pressures  during  evaporation  were  2 x 10"^  Torr.  Thicknesses  were  measured  using  an  optical 
monitor.  The  monitor  consists  of  a quartz -iodine  lamp  focused  on  a Bausch  & Lomb  mono- 
chromator. The  optical  beam  is  chopped,  introduced  into  the  vacuum  chamber,  and  focused  onto 
a monitor  slide.  The  reflected  beam  is  split  off  be  a beam  splitter  and  is  directed  through  a 
narrow  pass  filter  to  a silicon  photodetector.  The  output  signal  from  the  photodetector  is  fed 
through  a lock-in  amplifier  and  displayed  on  a chart  recorder.  Typical  monitor/wavelength  was  543 
nanometers.  At  the  completion  of  the  evaporation  the  substrate  heaters  were  slowly  turned  down. 
After  the  heaters  were  turned  off,  the  substrates  were  allowed  to  dynamically  cool  to  ambient 
temperature  before  the  system  was  vented. 

Some  work  was  also  performed  in  a larger  chamber.  This  system  is  72  inches  in  diameter, 
and  has  a source -to-substrate  distance  of  60  inches.  It  is  equipped  with  a two-hearth  Airco- 
Temescal  electron  beam  gun,  substrate  heaters,  a controlled  oxygen  bleed  valve,  an  optical 
monitor,  a residual  gas  analyzer  for  detecting  small  amounts  of  gaseous  impurities  during  evapor- 
ation, and  provisions  for  glow  discharge  cleaning  in  situ  immediately  before  deposition. 

Evaporation  procedures  were  essentially  the  same  in  both  systems.  Substrate  temperature 
was  more  easily  controlled  in  the  larger  system.  The  greater  source-to-substrate  distance  and 
increased  internal  area  of  the  larger  system  also  permitted  better  deposition  control.  However, 
this  system  required  long  pump  down  cycles  for  evaporations  in  the  10“®  Torr  range,  and  thus  was 
unsuitable  for  continuous  use  in  performing  fast  turnaround  in  a research  program  of  this  type, 

2.2  METHOD  OF  SPUTTERED  DEPOSITION 

During  the  latter  stages  of  the  program,  a few  films  were  deposited  using  an  ion  beam 
sputtering  system  from  Ion  Physics  Corporation.  Although  it  was  antiquated,  this  system  allowed 
us  to  study  two  types  of  films;  SiOa  and  AI2O3.  Unlike  conventional  rf  and  dc  sputtering,  ion  beam 
sputtering  makes  use  of  high -intensity  focused  ion  beams  in  which  a very  intense  plasma  is  gener- 
ated in  an  auxiliary  chamber.  This  plasma  then  diffuses  into  the  main  sputtering  chamber.  By 
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making  use  of  a strong  auxiliary  magnetic  field,  the  plasma  emerges  as  a narrow  beam.  Additional 
voltage  is  applied  at  the  target,  where  the  ions  receive  the  final  energy  required  to  perform  sput- 
tering. It  was  very  difficult  to  control  this  system,  and  no  monitoring  was  available. 

2.3  MEASUREMENT  TECHNIQUES 

Three  basic  electrical  measurements  were  made  on  these  films.  The  first  measurement 
was  dielectric  breakdown.  Whenever  a coating  showed  a high  dielectric  breakdown,  its  capacitance 
and  I-V  characteristics  were  also  measured. 

Dielectric  breakdown  measurements  were  made  using  a Northeast  Scientific  6-kilovolt  power 
supply  and  an  RCA  calibrated  VTVM  coupled  through  a voltage  divider  network,  which  provided  a 
current  limit  when  breakdown  occurred.  The  voltage  on  the  sample  was  increased  in  increments 
of  50  volts  and  allowed  to  stabilize  for  several  seconds  at  each  step.  For  this  test,  the  breakdown 
, field  was  defined  as  the  highest  field  that  the  coating  would  sustain  rather  than  the  voltage  at  which 

failure  occurred.  These  values  were  found  to  be  reproducible  within  10  percent  for  all  the  coatings 
studied. 

For  all  measurements,  samples  were  held  in  the  mount  shown  in  Figure  2-1,  A spring- 
loaded  indium  pad  provides  a contact  to  the  conductive  electrode  on  the  glass  substrate.  The  top 
contact  is  a mercury  coated  pin,  which  produces  a uniform  mercury  electrode  with  an  area  of 
0.35  square  centimeters.  This  method  is  much  easier  to  implement  than  the  technique  of  evapora- 
ting a metal  on  the  coating.  However,  the  mercury  coated  pin  can  produce  erroneous  readings  if 
the  mercury  surface  is  contaminated.  This  contamination  appears  in  the  capacitance  measurement 
as  an  anomalously  small  reading  and  hence  is  easily  identified.  But  even  under  the  best  conditions, 
the  data  shows  significant  scatter. 

Capacitance  and  I-V  characteristics  were  measured  by  evaporating  small  aluminum  pads 
on  the  samples,  and  then  making  contact  with  a metal  probe  (see  Figure  2-2).  Aluminum  was 
chosen  for  the  pads  because  the  samples  were  expected  to  be  n-type,  and  it  was  desired  to  achieve 
as  nearly  ohmic  behavior  as  possible  at  that  surface.  Other  (blocking)  contacts  (e.g,,  gold)  may 
have  yielded  more  consistent  data,  but  the  intent  of  the  measurement  is  to  look  at  the  sample  film 
' and  its  contact  with  the  ln203  electrode  only. 

I-V  characteristics  were  measured  in  the  same  manner  as  the  breakdown  fields.  Most  of 
the  same  equipment  was  also  used,  but  the  limiting  resistor  was  replaced  with  a Kiethley  picoam- 
meter  and  voltage  was  held  below  10  percent  of  the  breakdown  voltage  to  avoid  possible  damage 
to  the  picoammeter,  which  was  not  protected  with  a current  limiter.  Capacitance  was  measured 
directly,  using  a Boonton  Electronics  capacitance  meter.  For  this  measurement,  all  power  sup- 
plies, meters,  etc.,  were  disconnected,  and  low  capacitance  leads  (approximately  10  picofarads) 
were  used  to  avoid  erroneous  data. 


3,  EXPERIMENTAL  RESULTS 


3.1  MATERIALS:  SINGLE  LAYER  COATINGS 

A number  of  oxides  were  chosen  based  on  their  published  bulk  properties.  The  oxides 
selected  were  SiOj,  AI2O3,  TajOj,  ZrOj  and  TiOj.  This  selection  provided  a wide  range  of  dielectric 
constant  (3  < E < 89),  and  a range  of  refractive  indices  that  allow  design  of  multilayer  dichroics. 
All  the  materials  except  TajOs  are  commonly  used  in  thin  film  coatings;  hence,  their  deposition 
parameters  could  be  readily  established. 

All  films  were  deposited  by  electron  beam  evaporation.  This  deposition  technique  was  chosen 
since  it  is  well  understood,  and  it  gives  repeatable  optical  properties.  In  addition,  a great  deal  of 
data  on  the  deposition  of  optical  coatings  of  oxides  by  electron  beam  evaporation  is  available. 

3.1.1  Materials:  AI2O3 

Aluminum  oxide  (AI2O3)  was  chosen  first  because  it  would  triple  the  dielectric  constant  of  the 
blocking  layer.  It  also  is  easily  deposited  by  electron  beam  evaporation,  it  can  be  deposited  clear 
without  post  oxidation,  and  it  has  a high  breakdown  strength.  The  substrates  were  tin-oxide-coated 
glass  (to  determine  deposition  parameters)  and  Bii2SiO20  wafers  polished  on  both  sides. 

The  AI2O3  was  easily  deposited  onto  the  glass  substrates.  A 4-micrometer  film  was  very 
clear  and  had  a breakdown  voltage  greater  than  3,400  volts.  The  material  was  then  deposited  onto 
Bii2SiO20  substrates.  These  substrates  were  first  heated  to  250°C,  then  4 micrometers  of  AI2O3 
were  deposited  and  the  substrates  were  allowed  to  cool  slowly.  Inspection  of  the  coated  substrates 
revealed  that  the  film  had  fractured.  Closer  examination  revealed  that  where  the  film  had  frac- 
tured and  pulled  away  from  the  substrate,  part  of  the  substrate  had  been  pulled  away  with  it.  Al- 
though the  adherence  of  the  AI2O3  film  to  the  BinSiO20  substrate  was  excellent,  the  high  thermal 
expansion  of  the  Bii2SiO20  and  the  high  level  of  internal  stress  in  the  AI2O3  film  caused  crazing  dur- 
ing cooldown.  Because  the  only  apparent  solution  to  this  problem  is  the  use  of  multilayer,  AI2O3 
was  removed  from  consideration  as  a dielectric  coating  although  breakdown  fields  as  high  as 
8.9  X 10®  V/cm  and  dielectric  constants  of  8.4  were  measured. 

3.1.2  Materials:  Ta205 

Ta205  was  of  particular  interest  because  of  its  high  dielectric  constant  24  and  because  it  is 
frequently  used  as  a dielectric  in  the  thin  film  capacitor  industry.  Initially  the  substrates  were 
2 1/4-  X 1 1/4-  X 1 /8-inch  tin-oxide-coated  glass.  Three  substrates  were  used  during  each  run. 

A number  of  runs  were  made  by  evaporating  stoichiometric  tantalum  pentoxide  (Ta205).  It  was 
quickly  found  that  a high  degree  of  disassociation  occurs  during  deposition,  even  when  the  oxygen 
bleed  pressure  is  at  the  maximum  of  the  system.  The  films  ranged  in  color  from  light  gray  to 
dark  gray;  however,  they  were  readily  oxidized  in  air  at  approximately  200 1. 


Figure  3-1  shows  a time-temperature  plot  for  complete  reoxidation  of  4.5-micrometer 
TajOs  films.  Times  for  other  coating  thicknesses  can  be  approximated  by  multiplying  values  on 
this  plot  by  the  ratio  of  actual  coating  thickness  to  the  4.5-micrometer  standard.  Experiments 
showed  that  Ta^Os  was  readily  formed  when  the  Ta20x  films  were  placed  in  an  oven  at  approxi- 
mately 250‘t,  and  then  allowed  to  oxidize  in  air  for  1-1/2  hours.  However,  lower  temperatures 
for  longer  times  also  could  be  used. 

Although  the  films  appeared  to  have  identical  optical  properties,  variations  in  dielectric 
breakdown  were  observed  that  probably  can  be  attributed  to  variations  in  oxidation  and  deposition 
conditions.  The  films  were  transparent  and  very  hard  after  oxidation.  The  breakdown  voltages 
were  mostly  in  the  vicinity  of  1,500  volts,  and  the  dielectric  constants,  E,  were  approximately  42. 
One  run,  however,  showed  extremely  high  breakdown  voltage  (3,400  volts)  and  E equal  to  42.  But 
this  run  could  not  be  reproduced,  and  the  mechanism  that  produced  this  breakdown  strength  cannot 
be  explained. 

Several  runs  were  made  using  BiijSiOjg  as  substrates.  The  substrates  were  coated  on  both 
sides  with  about  6-micrometers  of  TagOg.  The  initial  side  of  the  substrate  could  be  coated  without 
difficulty.  When  the  substrate  was  turned  over  to  coat  the  second  side,  however,  the  film  on  the 
first  side  crazed  and  flaked.  This  probably  was  caused  by  the  high  thermal  expansion  of  the  sub- 
strate during  cycling,  and  by  the  bending  due  to  nonuniform  heating  during  the  coating  of  the  second 
side.  This  problem  probably  could  be  solved  by  using  substrate  rotation  to  simultaneously  coat 
both  sides.  However,  the  substrates  still  must  be  cycled  at  200°C  to  250°C  in  air  to  oxidize  the 
deposited  films. 

Figure  3-2  shows  current-voltage  (I-V)  plots  produced  when  aluminum  pads  were  used  for 
top  electrodes  as  shown  in  Figure  2-2.  When  the  voltage  polarity  was  plus  to  minus  (i.e.,  plus 
aluminum  pad  to  minus  tin  oxide)  the  plot  showed  a region  greater  than  60  volts  where  I was  pro- 
portional to  V.  This  indicated  regions  where  the  film  exhibited  ohmic  behavior.  Below  60  volts, 
the  plot  showed  that  I was  proportional  to  V^.  This  probably  was  due  to  space  charge  effects, 
indicating  that  the  electrodes  were  injecting  carriers. 

When  the  polarity  was  reversed  (minus  to  plus),  the  plot  showed  that  I was  proportional  to  V*, 
again  indicating  a space  charge  effect.  Although  Ta205  appeared  to  be  a very  likely  film  to  be  used, 
our  attention  turned  to  other  films  because  of  the  thermal  problems  encountered. 

3.1.3  Materials:  Zr02 

Another  material  that  showed  great  promise  was  zirconium  dioxide  (ZrOj).  ZrOj  has  been 
the  standard  high-refractive-index  layer  for  broadband  anti  reflection  coatings  for  many  years,  but 
little  information  about  its  dielectric  properties  is  available.  Zr02  is  difficult  to  evaporate  in  the 
small  chamber  since  its  vapor  pressure  is  very  low  (10"^  Torr  at  2200t).  High  power  levels  are 
required,  and  temperature  control  becomes  very  difficult  due  to  radiation  heating  of  the  substrates 
by  the  source.  Therefore,  the  effect  of  substrate  temperature  became  impossible  to  evaluate. 
However,  little  or  no  effect  from  substrate  temperature  had  been  observed  in  other  materials. 
Because  of  the  high  power  levels  required,  bursting  or  spitting  of  the  source  material  became  a 
problem  during  evaporation. 

The  properties  of  the  film  were  outstanding.  The  material  required  no  oxidation  when 
deposited  with  an  oxygen  bleed  of  1 x 10"^  Torr.  The  dielectric  constant  was  22,  and  the  break- 
down voltage  for  a 1.5-micrometer-thick  film  was  1,500  volts.  Again,  the  film  was  initially 
deposited  on  tin-oxide-coated  glass  substrates  to  determine  the  evaporation  parameters. 
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Several  runs  then  were  made  on  Bii2SiO20  substrates.  The  same  problems  encountered  with 
Ta205  films  on  Bii2SiO20  substrates  were  experienced.  For  the  Zr02,  however,  the  films  fractured 
during  cooling  after  deposition  onto  the  first  side.  To  prove  that  this  phenomena  was  not  a problem 
specific  to  the  small  vacuum  chamber,  Bii2Si02o  substrates  were  coated  in  a larger  vacuum  cham- 
ber. This  chamber  had  a longer  source  to  substrate  distance,  and  provided  better  control  of  sub- 
strate temperature  because  of  the  elimination  of  substrate  heating  due  to  source  radiation.  Again, 
the  film  fractured  during  cooling  after  deposition. 

Typical  deposition  rates  were  20  angstroms  per  second,  although  slower  rates  were  used 
(1  to  5 angstroms  per  second)  to  see  whether  more  oxidation  of  the  films  during  evaporation  would 
improve  breakdown  voltage  and  adhesion  to  Bij2SiO20.  and  increase  dielectric  constant.  However, 
no  improvements  were  observed.  Rates  greater  than  20  angstroms  per  second  were  attempted,  but 
these  rates  resulted  in  excessive  bursting  from  the  source.  Samples  were  placed  in  an  oven  at 
400°C  and  oxidized  in  air  for  2 hours.  No  changes  from  the  properties  of  the  as-deposited  coatings 
were  observed.  However,  the  large  thermal  expansion  of  the  Bii2SiO20  again  created  too  much 
stress  to  allow  the  evaporated  film  to  adhere. 

Figure  3-3  shows  I-V  plots  for  evaporated  Zr02  using  vacuum-deposited  aluminum  pads  as 
shown  in  Figure  2-2.  When  the  polarity  was  plus  to  minus  (i.e.,  plus  aluminum  to  minus  tin  oxide), 

I was  proportional  to  V above  30  volts.  This  indicated  ideal  I-V  characteristics  where  the  film 
behaved  ohmic.  At  values  greater  than  30  volts,  I was  proportional  to  V^,  indicating  carrier  injec- 
tion. When  the  polarity  was  reversed,  the  plot  showed  that  I was  proportional  to  V*,  again  indicat- 
ing a space  charge  effect. 

3.1.4  Materials:  Si02 

Silicon  dioxide  (Si02)  was  considered  because  it  has  both  a low  dielectric  constant  and  a low 
refractive  index,  and  because  a comparison  with  previously  available  data  was  desired.  Sputtered 
coatings  have  been  found  to  have  a breakdown  field  greater  than  2 x 10®  volts  per  centimeter  and 
6-micrometer  layers  deposited  at  350t  were  adherent  to  Bii2SiO20.  However,  evaporated  coatings 
exhibited  breakdown  fields  no  better  than  0.8  x 10®  volts  per  centimeter,  and  4-micrometer  coatings 
peeled  off  the  Bii2SiO20  as  soon  as  the  crystals  wer-*  temperature-cycled  to  150°C.  No  improvement 
was  obtained  for  oxygen  bleed  pressures  as  high  as  2 x 10"®  Torr  and  substrate  temperatures  up  to 
250°C.  Post  baking  in  air  had  no  effect  on  the  breakdown.  The  failure  is  believed  to  have  been 
caused  by  the  inherent  porosity  of  electron-beam-evaporated  Si02.  The  film  is  very  slightly  hygro- 
scopic, and  absorbs  sufficient  moisture  to  break  down  at  very  low  voltages. 

3.2  MATERIALS;  MULTILAYER  FILMS 

Multilayer  films  were  attempted  to  eliminate  stresses  created  when  thicker  single  layer 
films  were  deposited  on  hot  Bii2SiO20  substrates.  It  was  believed  that  depositing  alternate  x/4- 
thick  dielectric  films  of  certain  materials  would  eliminate  the  thermal  expansion  problem  usually 
encountered  when  Ta205  and  ZrC>2  are  deposited  because  the  thin  films  would  be  able  to  stress 
relieve  during  deposition  and  cooling. 

3.2.1  Multilayer  Coatings  Design 

Figures  3-4  and  3-5  show  typical  coating  designs  used  for  the  multilayers  and  the  configura- 
tion of  the  layers.  Figure  3-4  shows  a low-pass  design  of  a 21-layer  S102/Zr02  film  on  a Bii2SiO20 
substrate,  with  a 0.6-micrometer  indium  oxide  (9-percent  tin  oxide)  sputtered,  transparent,  con- 
ductive electrode.  Figure  3-5  shows  a high-pass  design  curve  of  a 21-layer  ZrC)2/Si02  film  on  a 
Bii2SiO20  substrate,  with  a 0.6-mlcrometer  indium  oxide  (9-percent  tin  oxide)  sputtered,  trans- 
parent, conductive  electrode.  As  these  figures  also  show,  the  low-pass  and  high-pass  coatings  are 
identical  except  for  the  ordering  of  their  Si02  and  Zr02  layers.  The  transmission/reflection 
curves  of  these  multilayers  are  shown  in  Figures  3-6  and  3-7. 
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The  first  materials  tried  were  titanium  oxide  (Ti02)  and  silicon  dioxide  (Si02)  in  the  small 
chamber  on  tin-oxide-coated  glass  substrates.  A 15-layer  Ti02/Si02  film  was  deposited.  Each 
layer  was  X/4  thick.  The  resulting  film  was  dark  in  color  due  to  incomplete  oxidation  of  the  Ti02 
during  evaporation,  even  though  the  oxygen  bleed  into  the  chamber  was  at  2 x 10"‘  Torr.  To  turn 
the  film  clear,  the  substrate  had  to  be  baked  in  air  at  approximately  600t.  This  temperature  is 
higher  than  BiijSiOjg  (the  ultimate  substrate)  would  be  able  to  withstand  without  surface  damage 
after  polishing. 

The  run  was  repeated  in  the  large  chamber,  where  the  TiOg  could  be  deposited  clear. 


Although  the  resulting  film  was  quite  adherent  and  transparent,  its  dielectric  strength  was  too  low 
to  be  of  any  interest.  Typical  breakdown  voltages  were  less  than  500  volts  and  dielectric  constants 
(E)  were  5.5. 


3.2.3  Ta^Oji/SiOg  Multilayers 

The  second  series  of  films  attempted  was  TajOg/SiOg.  A 15-layer  film  of  alternating  X/4 
thickness  was  deposited  onto  tin-oxide-coated  glass  substrates.  The  resulting  film  was  slightly 
gray  in  color,  but  was  easily  oxidized  in  air  at  about  200  to  250°C.  The  film  was  3 micrometers 


thick.  It  had  a dielectric  constant  of  19,  and  a breakdown  of  1000  volts.  Because  of  the  post  baking 
needed  to  complete  this  multilayer,  we  decided  to  search  for  a film  that  could  be  deposited  clear. 


3.2.4  ZrOg/SiOg  and  HfOa/SiO;  Multilayers 

Zirconium  dioxide/silicon  dioxide  (ZrOj/SiOg)  and  hafnium  dioxide/silicon  dioxide  (HfOg/SiOj) 
multilayers  were  then  attempted.  Because  of  the  high  power  levels  needed  to  evaporate  ZrOj  and 
HfOg,  these  multilayers  were  deposited  in  the  large  chamber.  The  multilayers  were  deposited  onto 
BiijSiOgo  wafers,  and  adhered  quite  well.  Electrodes  were  deposited  onto  the  wafers,  and  electro- 
optic devices  were  made  for  testing  the  multilayer  dielectric  films. 


3.3  SPUTTERED  COATINGS 

During  the  closing  weeks  of  the  program,  two  attempts  were  nade  to  determine  the  advan- 
tages of  sputtered  coatings.  First,  it  was  shown  that  SiOg  could  be  sputtered  to  yield  a PROM  with 
properties  similar  to  the  Parylene-coated  device.  An  image  of  a bar  target  exposed  on  a PROM 
that  is  coated  with  SiOj  is  shown  in  Figure  3-8.  Wafer  quality  is  poor  (note  the  large  amount  of 
birefringent  strain  visible),  but  the  bar  target  is  sharp.  A test  was  also  made  of  sputtered  AI2O3, 
the  only  other  target  material  available.  The  test  was  not  completely  successful  in  that  there  was 
light  crazing  of  the  coating,  again  due  to  internal  stress  in  the  film,  but  it  was  possible  to  fabricate 
a device.  The  result  is  shown  in  Figure  3-9.  The  contrast  is  low  due  to  light  scattered  in  the 
crazed  coating,  but  the  image  appears  to  be  sharp.  No  measurement  of  modulation  has  yet  been 
made  because  of  very  severe  scattering.  This  scattering  makes  observation  of  the  high  resolution 
portion  of  the  bar  target  very  difficult. 

3.4  EXPERIMENTAL  PROMS 

HfOg/SlOj  PROMs  did  not  function,  possibly  because  the  deposited  film  was  only  0.9  -micro- 
meter and  1.0-micrometer  on  each  side.  Breakdown  occurred  at  about  700  volts.  More  signifi- 
cantly, the  I-V  characteristic  showed  very  high  conductivity,  indicating  that  no  voltage  division  was 
occurring  between  the  substrate  and  the  blocking  layer. 

The  ZrOg/SiOg  PROM  did  operate.  The  intention  was  to  deposit  a film  on  the  first  side  that 
would  transmit  blue  and  reflect  red  (low  pass),  and  to  deposit  a film  on  the  second  side  that  would 
transmit  red  and  reflect  blue  (high  pass). 
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1.  Wafer  quality  poor 

2.  Observed  resolution  80  Ip 

3.  Sensitivity  similar  to  6-micrometer  paryiene 


Figure  3-8  — Bar  target  exposure  on  a PROM  with  a sputtered  Si02  coating 


i 


The  deposited  multilayers  wore  l.O-niioninioier  tliiok  on  each  side.  Breiikdown  occurred  at 
600  volts,  and  the  dielectric  constant  was  about  17.  The  breakdown  was  significantly  lower  than 
had  been  anticipated.  The  resolution  was  poor  (see  Figure  3-10).  but  the  Bii2SiO20  wafer  used  to 
nuike  the  PROM  was  of  poor  quality  and  the  i)olished  surface  had  a transmitted  wavefront  greater 
than  > '2  rms.  The  capacitance  of  the  Zi'02  /Si02  multilayers  was  about  5 x lO*'®  farads,  but  I-V 
chara  ' sties  were  very  disappointing  (see  Figure  3-11).  Again,  vacuum-deposited  aluminum 
pads  as  aiiown  in  Figure  2-2  were  used  as  top  electrodes.  A minus  to  plus  polarity  produced  a 
curve  that  showed  I to  be  appro.ximately  proportional  to  V^,  again  indicating  a space  charge  effect. 
The  resistivity  was  low'er  than  what  was  e.xpected  of  these  materials.  When  the  polarity  was  re- 
versed, I became  approximately  proportional  to  V';  this  high  variable  nonintegral  slope  indicates 
a high  density  of  traps  and  significant  disorder  in  the  film. 

The  peculiar  results  indicate  that  tlie  electron-beam-evaporated  films  are  not  truly  pure  and 
do  not  exhibit  bulk  properties.  The  films  apparently  are  incompletely  oxidized,  although  they  are 
being  evaporated  in  a very  high  oxygen  atmosphere.  The  optical  properties  are  excellent,  but  the 
electrical  properties  are  poorer  than  desired,  .'^n  alternative  method  of  depositing  these  films  is 
rf  sputtering.  An  rf- sputtered  film  can  be  deposited  with  increased  stoichiometry  when  compared  to 
vacuum  evaporated  films.  In  addition,  higlier  purity  layers  are  realized,  more  realistic  bulk  prop- 
erties are  attained.  Reactive  sputtered  films  are  easier  to  control  and  duplicate  than  vacuum 
evaporated  films. 


Figure  3-10  — Bar  target  exposure  on  a Zr02/  Si02 -coated  PROM 


4.  EVAPORATED  INDIUM/TIN  OXIDE  COATINGS 


In  support  of  this  program,  Itek  has  used  Internal  Research  and  Development  funds  to  study 
the  feasibility  of  depositing  indium  tin  oxide  by  electron  beam.  This  coating  is  necessary  for 
development  of  a fully  integrated  dichroic  or  antireflection  coating  for  the  PROM.  The  work  has 
concentrated  on  extending  previous  Itek  work  in  this  area  to  fit  conditions  suitable  for  PROM 
fabrication. 

The  material  chosen  for  this  work  was  E.  M.  Merck's  substance  A,  an  indium  tin  oxide  simi- 
lar to  the  10203/0.09  SnOi  powder  used  in  previous  work.  However,  substance  A is  pelletized,  and 
virtually  eliminates  spitting  and  loss  of  material  from  the  crucible  during  heatup.  The  coatings 
were  deposited  on  room-temperature  Pyrex  substrates  and  Parylene  C substrates.  Low  substrate 
temperatures  had  to  be  used  to  prevent  crystallization  in  the  coating  and  its  attendant  scattering. 
(Crystallization  occurs  for  substrate  temperatures  above  100°C.)  Extremely  high  oxygen  bleed 
pressures  — up  to  2 x 10“*  Torr  with  the  bleed  at  the  substrate  surface  — were  used  to  maximize 
the  oxidation.  The  as-deposited  coatings  were  gray,  indicating  substantial  amounts  of  InO  due  to 
incomplete  oxidation.  However,  the  coatings  were  hard  and  adherent.  This  represented  a major 
improvement  over  earlier  work  in  which  the  coatings  at  this  stage  were  black  and  could  be  wiped 
off. 


The  coatings  were  then  baked  in  air  to  complete  oxidation.  The  black  coatings  had  to  be 
baked  at  SOOt  for  2 hours  to  achieve  complete  conversion.  However,  the  new  gray  coatings  could 
be  converted  at  temperatures  as  low  as  125'C,  Lower  temperatures  had  no  effect  on  the  layers. 

It  is  significant  that  these  coatii^s  can  be  oxidized  without  crystallization  occurring.  Typically,  a 
0.36-micrometer  coating  baked  at  ISOt  in  air  for  60  minutes  exhibits  a moderately  stable  sheet 
resistance  of  1.2  x 10^  ohms  per  square.  This  resistance  can  be  reduced  sharply  by  baking  at 
150t  in  a moderate  vacuum  (about  10  Torr)  for  2 hours.  The  sheet  resistance  then  drops  to 
roughly  500  ohms  per  square.  This  value  drifts  upward  gradually  when  the  sample  is  left  at  nor- 
mal room  temperature  and  stabilizes  at  1100  ohms  per  square  after  approximately  300  hours. 
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5.  RESULTS  AND  CONCLUSIONS 


While  several  significant  results  were  obtained  on  the  program,  it  was  found  that  the  electron- 
beam-evaporated  coatings  did  not  have  acceptable  properties  for  use  as  blocking  layers  in  the  pres- 
ence of  high  electric  fields.  It  has  been  found  that  the  trial  coatings  had  completely  acceptable 
optical  properties,  capacitance,  and  breakdown  fields  as  long  as  charge  injection  was  avoided  (see 
Tables  5-1  and  5-2).  With  ohmic  or  injecting  contacts,  however,  the  coatings  exhibited  a high  con- 
ductivity (about  lor^  amperes  per  square  centimeter  at  100  volts).  The  high  conductivity  and  very 
nonlinear  I-V  curves  are  characteristic  of  materials  having  extremely  high  defect  densities.  As  a 
secondary  effect,  the  high  conductivity  permits  lateral  charge  migration  in  the  blocking  layer 
resulting  in  blurred  images.  In  addition,  adhesion  problems  were  encountered  with  the  various  coat- 
ings: none  of  the  single-layer  coatings  would  adhere  to  BiijSiOjo,  and  only  multilayer  coatings 
deposited  in  the  large  coating  chamber  were  adherent.  The  60-inch  throw  distance  in  the  large 
coating  tank  effectively  eliminated  the  substrate  temperature  nonuniformity  due  to  radiant  heating 
from  the  source;  but  in  spite  of  this,  single  layer  coatings  did  not  stick.  For  these  reasons,  it  was 
concluded  that  electron-beam-deposited  coatings  are  not  a viable  method  of  depositing  oxides  de- 
spite their  advantages  in  conventional  optical  coating. 

During  the  final  stages  of  the  program,  an  attempt  was  made  to  evaluate  sputtered  coatings 
on  BiijSiOjg.  These  results  were  extremely  promising;  the  sputtered  single  layers  of  Si02  and 
AI2O3  had  reasonable  adhesion,  and  they  exhibited  none  of  the  charge  spreading  observed  with  the 
evaporated  coatings.  Based  on  present  results,  sputtering  is  clearly  the  method  that  should  be 
used  for  further  development  work. 


Table  5-1  — Refined  Breakdown  Field  Values 


Oxygen  Pressure, 


Material 

Breakdown,  volts  per  micrometer 

Torr 

CO 

110 

10"^ 

Ta205 

1700 

10'‘ 

ZrOj 

1100 

10"‘ 

HfOj 

Will  not  adhere  in  thick  layers 

10‘* 

TajOs/SiOj 

350 

10’® 

Zr02/Si02 

480  (thick:  1.2  micrometers  or  thicker) 

~6000  (thin:  approximately  0.5  micrometer) 

10'® 
10  ■® 

Hf02/Si02 

850 

10"® 

Ti02/Si02 

400  (thick:  1.0  micrometer  or  thicker) 
shorten  (thin:  less  than  0.5  micrometer) 

1 1 
o o 

AljOs/ZrO, 

Pinholes  — no  measurement  possible 

10’‘ 

6.  SUGGESTIONS  FOR  FURTHER  WORK 


It  is  advisable  to  continue  this  program,  but  with  a different  approach.  Instead  of  electron 
beam  deposition,  sputtering  should  be  employed.  With  some  exceptions,  the  same  materials  should 
be  used.  The  criteria  for  selection  of  these  materials  have  not  changed:  each  material  should  have 
a dielectric  constant  between  10  and  60,  and  should  have  a high  bulk  resistance  and  a high  dielectric 
breakdown  field. 

Use  of  sputtering  in  combination  with  these  materials  will  permit  interesting  and  potentially 
fruitful  comparisons  between  the  properties  of  electron-beam-deposited  coatings  and  the  properties 
of  sputtered  coatings.  It  will  also  serve  as  a basis  for  development  of  an  advanced  PROM. 

It  is  also  suggested  that  an  attempt  be  made  to  sputter  Bii2Si02o  as  a blocking  layer.  As  its 
main  advantage  over  other  films,  sputtered  BiijSiOjo  has  optical  properties  identical  to  those  of  the 
crystal  substrate.  However,  very  little  is  known  about  the  dielectric  strength  of  BiuSiOjo  or  its 
electrical  properties  at  high  electric  fields. 


